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IGRF 5th generation IGRF-5 1945 .0-1990 .0 1945 .0-1980 .0 Langel et al. (1988 ) IGRF 4th generation IGRF-4 1945 .0-1990 .0 1965 .0-1980 .0 Barraclough (1987 ) IGRF 3rd generation IGRF-3 1965 .0-1985 .0 1965 .0-1975 .0 Peddie (1982 ) IGRF 2nd generation IGRF-2 1955 .0-1980 .0 -IAGA (1975 ) IGRF 1st generation IGRF-1 1955 .0-1975 .0 -Zmuda (1971 of the IGRF. Each generation consists of a series of constituent models at 5-yr intervals, each one of which is designated definitive or non-definitive. Once a constituent model is designated definitive it is called a Definitive Geomagnetic Reference Field (DGRF) and it is not revised in subsequent generations of the IGRF. The non-definitive constituent models are referred to as IGRF models. Note that DGRF models have been produced only for epochs from 1945.0 onwards. For further details concerning the history of the IGRF readers should consult Barton (1997) , Maus et al. (2005a) or Macmillan & Finlay (2010) ; here attention will focus on the latest (11th generation) revision. Legacy versions of the IGRF are now available from the online archive located at http://www. ngdc.noaa.gov/IAGA/vmod/igrf_old_models.html. These may be useful, for example, to workers who know that a previous generation IGRF has been subtracted from their data and who wish to recover the original data or recorrect it with a more recent reference field. The 11th generation of the IGRF (hereafter IGRF-11) was agreed in December 2009 by a task force of IAGA Working Group V-MOD. The purpose of this note is to document the release of IGRF-11, to act as a permanent published record of model coefficients and to briefly describe the large-scale features of the present geomagnetic field at Earth's surface as revealed by the updated model.
M AT H E M AT I C A L F O R M U L AT I O N O F T H E I G R F M O D E L
On and above the Earth's surface, the IGRF model represents the geomagnetic field B(r , θ , φ, t) produced by internal sources in terms of a scalar potential V (r , θ , φ, t). We then have B = −∇V where V is a finite series having the numerical Gauss coefficients g (1)
Here r denotes the radial distance from the centre of the Earth in units of km, a = 6371.2 km is the magnetic reference spherical radius which is close to the mean Earth radius, θ denotes geocentric co-latitude (i.e. 90
• − latitude), and φ denotes east longitude. When converting between geocentric and geodetic coordinates, it is recommended to use the World Geodetic System 1984 datum and spheroid (major axis A of 6378.137 km and a reciprocal flattening 1/f of 298.257223563). P m n (cos θ ) are the Schmidt semi-(or quasi-) normalized associated Legendre functions of degree n and order m (see, e.g. Winch et al. 2005) . The maximum spherical harmonic degree of the expansion N is chosen so that the coefficients of the model are reliably determined given the available coverage and quality of observations. For IGRF-11, N was chosen to be 10 up to and including epoch 1995.0, thereafter it is extended to degree 13 to take advantage of the excellent data provided by the Ørsted and CHAMP satellites.
In the IGRF model, Gauss coefficients g m n and h m n are provided for the main field (MF) at epochs separated by 5-yr intervals between 1900.0 and 2010.0 A.D. The time-dependence of the Gauss coefficients is then specified using the following linear expression:
and similarly for h n (t) andḣ m n (t) are explicitly provided. The geocentric components of the geomagnetic field in the northward, eastward and radially inwards directions (X , Y and Z ) are obtained from the model coefficients using eq. (1) and by taking appropriate components of the gradient of V in spherical polar coordinates,
It is often necessary to work in geodetic coordinates and to use the World Geodetic System 1984 datum defined above. Transformations from geocentric to geodetic coordinates and from the geocentric field components (X , Y , Z ) into the geodetic field components (X , Y , Z ) are described by eqs (1)-(4) of Hulot et al. (2007) . Often the declination D, inclination I, the horizontal intensity H and the total intensity F are required for applications; these are obtained from X , Y and Z using the relations, The MF candidate models had a maximum spherical harmonic degree N = 13, whereas the task force voted to retain a maximum degree of N = 8 for the predictive SV models. The candidate models together with brief descriptions provided by the authors may be obtained from the web page http://www.ngdc.noaa. gov/IAGA/vmod/candidatemodels.html. Papers providing fuller descriptions of the candidate models and detailing the evaluations carried out by the task force (similar to the analysis of the candidates contributing to IGRF-10 carried out by Maus et al. 2005b) will appear in a forthcoming special issue of Earth, Planets and Space.
T H E 1 1 T H G E N E R AT I O N I G R F
The final IGRF-11 MF models for epochs 2005.0 and 2010.0 as well as the predictive SV model for 2010.0-2015.0 were calculated using weighted means of the candidates. The weights were agreed by a vote of the IGRF-11 task force based on information gleaned from model evaluations, more details of which are documented in Finlay et al. (2010) .
High-quality, globally distributed, observations of the geomagnetic field are essential to the production of an accurate IGRF revision. The collection of the required comprehensive set of observations involves a significant international collaborative effort. The availability of satellite measurements, from the CHAMP (Reigber et al. 2002) , Ørsted (Neubert et al. 2001) and SAC-C missions, and observatory measurements (see Table A1 . The predictive SV coefficients are rounded to the nearest 0.1 nT yr −1 . Note that although the formal root mean square (rms) error in DGRF 2005.0 (based on the internal consistency of the contributing candidates) was only 1.0 nT, the true error, due to errors of commission not including unmodelled sources in the Earth's crust and magnetosphere, is probably closer to 5 nT. The error in IGRF-2010 is expected to be slightly larger (approximately 10 nT) because extrapolation of models from submission in October 2009 forward to 2010 was necessary (Lowes 2000) . Regarding the predictive SV model, retrospective analysis of previous predictions has shown that errors of up to 20 nT yr −1 are likely (Maus et al. 2005b; Finlay et al. 2010) . For further details on the limitations of the IGRF and difficulties in estimating its accuracy readers should consult the IGRF 'health warning' found at http://www.ngdc.noaa.gov/ IAGA/vmod/igrfhw.html.
I G R F -1 1 M O D E L C O E F F I C I E N T S A N D M A P S
In Table 2 , the Schmidt semi-normalized spherical harmonic coefficients comprising IGRF-11 are listed. Note that IGRF-11 is a field model that spans the interval from 1900.0 to 2015.0; the entire set of MF coefficients at 5-yr intervals between 1900.0 and 2010.0 and predictive SV coefficients for 2010.0-2015.0 are given here to serve as a complete record of the model. Units are nT for the MF models and nT yr −1 for the predictive SV model. The coefficients are also available in various file formats at http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html, along with software to compute the magnetic field components at times and locations of interest. IGRF-11 is also available from the world data centres listed in the Appendix.
Maps of the declination D, inclination I and total intensity F at Earth's surface in 2010 are displayed in Fig. 1 . Together these quantities completely define the vector magnetic field. Recall that a purely dipolar field would possess two agonic lines (contours of zero D) running north-south, and a single dip equator (contour of zero I) displaced somewhat from the geographic equator. In contrast, the present geomagnetic field possesses a more complex morphology. It has three agonic lines; one that passes approximately north-south through the Americas, one that is located to the east of Asia and continues down through Indonesia and western Australia, and also one that passes down through central Europe extending as far south as Kenya before looping back northwards via India. Moreover, D is small over a large region spanning mid and low latitudes extending from northeastern Africa east to the Philippine islands. The map of I in the middle panel of Fig. 1 displays a distinctive deflection of the dip equator southwards at South America, an offset in the maximum of I from the geographic south pole towards Australia and also a tongue of high I extending westwards from Southern Africa. The map of F in 2010 in the bottom panel of Fig. 1 shows that the regions with highest field intensity are located in Siberia in the northern hemisphere and in the Southern Ocean and Antarctica southwards of Australia in the southern hemisphere. Perhaps the most striking feature of all is the low field intensity anomaly (compared to a dipole field) currently centred around Southern Brazil and Paraguay. This feature is often referred to as the South Atlantic Anomaly, and it is known to have important consequences regarding the impact of space weather on the near-Earth electromagnetic environment (Gledhill 1976; Heirtzler 2002; Facius & Reitz 2007) .
All the features mentioned above are well-known from previous global field models; they have existed for at least several hundred years and have slowly evolved to their present configuration (Jackson et al. 2000) . The current evolution of main field is illustrated in Fig. 2 which shows the IGRF-11 prediction of the average annual rate of change (SV) in the declination D, inclination I and total intensity F between 2010 and 2015. The predicted changes in D are small in the Pacific hemisphere, and consistent with the continuation of the long-established westward motion of field features in the Atlantic hemisphere. Changes in I are predicted to be largest at low latitudes, with the maximum negative change occurring near northeastern Brazil (close to where the dip equator is presently being deflected southwards) while the maximum positive change is predicted to occur close to Southern India. Considering the predicted changes in F, the largest decreases are predicted to the south of eastern North America as well as to the south west of South America. The later involves a continued deepening and westward motion of the South Atlantic Anomaly. The largest increases in F are predicted to take place in the equatorial part of the mid-Atlantic, 0 1905.0 1910.0 1915.0 1920.0 1925.0 1930.0 1935.0 1940.0 1945.0 1950.0 1955.0 1960.0 1965.0 1970.0 1975.0 1980.0 1985.0 1990.0 1995 Further details concerning the evolution of the South Atlantic Anomaly since 1900 as captured by IGRF-11 are presented in Fig. 3 (see also Macmillan et al. 2009 ). The left plot shows how the lowest field intensity F within the South Atlantic Anomaly has systematically decreased since 1900. The decrease has been almost linear since 1940 (when the weakest intensity was 24 954 nT) until the present (the weakest intensity in 2010 was 22 590 nT) with an average decrease of 34 nT yr −1 . There is no sign that the decrease of field intensity in the South Atlantic Anomaly is abating, with a further decrease to 22 430 nT predicted by 2015. The right hand plot documents the motion of the location of this point of lowest field intensity every 5 yr from 1900.0 to 2015.0, where the final point is a prediction. The position of lowest intensity has moved both southward and westward, but almost exclusively westwards since 1955. This analysis describes only the position with lowest intensity; the spatial extent of the south Atlantic anomaly has also increased during the past century, for example as measured by the area within the 28 000 nT contour of F. Note however, that the exact position of the lowest intensity point is known only rather crudely, particularly before 1960 when there was larger uncertainty in the field models.
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In Fig. 4 , we present the positions of the geomagnetic pole (as determined only from the n = 1 dipole field coefficients) and the magnetic dip pole (where inclination I is vertical, as determined from the entire field model to degree n = N ) calculated from IGRF-11 and plotted as a function of time since 1900. Pole positions are also tabulated in Table 3 . It is noteworthy that the North magnetic dip pole is currently moving at a high speed of over 50 km yr −1 , as recently investigated by Newitt et al. (2009) .
Because of the significant changes currently taking place in the internal geomagnetic field, including the development of the South Atlantic Anomaly and the motions of the geomagnetic poles described above, continued careful monitoring is essential. At the time of writing, the CHAMP and Ørsted satellites that were crucial sources of observations for IGRF-11 are approaching the end of their lifetimes, but fortunately one of the aims of the upcoming ESA Swarm mission (Friis-Christensen et al. 2006) is to provide the high-quality satellite data that will be of great importance to the next IGRF revision.
The 11th generation IGRF was computed from candidate models produced and evaluated by participating members of IAGA Working Group V-MOD who are listed as co-authors of this paper. Their institutes and the many organizations involved in operating the magnetic satellites CHAMP, Ørsted and SAC-C, observatories (see the appendix for a list), magnetic survey programmes, and the World Data Centres are thanked for their continued support of the IGRF project.
I G R F -1 1 O N L I N E DATA P RO D U C T S
Further general information about the IGRF: http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html.
The coefficients of IGRF-11 in various file formats: http://www.ngdc.noaa.gov/IAGA/vmod/igrf11coeffs.txt 
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